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Abstract
Rhizosphere microbiome is one of the main sources of plant protection against drought. Beneficial symbiotic microorgan-
isms, such as ectomycorrhizal fungi (ECMF) and mycorrhiza helper bacteria (MHB), interact with each other for increasing 
or maintaining host plant fitness. This mutual support benefits all three partners and comprises a natural system for drought 
acclimation in plants. Cork oak (Quercus suber L.) tolerance to drought scenarios is widely known, but adaptation to cli-
mate changes has been a challenge for forest sustainability protection. In this work, ECMF and MHB communities from 
cork oak forests were cross-linked and correlated with climates. Cenococcum, Russula and Tuber were the most abundant 
ECMF capable of interacting with MHB (ECMF~MHB) genera in cork oak stands, while Bacillus, Burkholderia and 
Streptomyces were the most conspicuous MHB. Integrating all microbial data, two consortia Lactarius/Bacillaceae and 
Russula/Burkholderaceae have singled out but revealed a negative interaction with each other. Russula/Burkholderaceae 
might have an important role for cork oak forest sustainability in arid environments, which will be complemented by the 
lower drought adaptation of competitive Lactarius/Bacillaceae. These microbial consortia could play an essential role on 
cork oak forest resilience to upcoming climatic changes.
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Introduction
The prediction of a global climate change for the next cen-
tury is one of the main threats to forest ecosystem sustain-
ability. Mediterranean forest in particular is considered as 
one of the major global biodiversity hotspots, due to its rich 
biodiversity, comprising many endemic species that are 
being threatened by anthropogenic and climate challenges 
(Pausas and Millán 2019). These forests are mainly com-
posed by broadleaved evergreen tree species (holm-Quercus 
ilex and cork oak-Quercus suber). More than half of world 
cork oak forests are located within the Mediterranean basin 
region, where trees with the highest economic value reside 
in Portugal, the largest producer of cork (53% of world pro-
duction) (APCOR, 2019). Q. suber grows in different forest 
systems depending on tree density, montados (or dehesas) 
and sobreirais, comprising low-density stands with 60–100 
trees/ha to approximately 400 trees/ha, respectively. This 
cork oak density and tree distribution are closely related to 
water availability. Climate changes, such as increased tem-
peratures and reduction of water availability, are currently 
posing a challenge to cork oak forests (reviewed by Reis 
et al. 2017; Maghnia et al. 2019). Since a reduction in water 
availability is expected soon (Malek and Verburg 2018), 
decrease in Q. suber growth and productivity, as well as the 
long-term sustainability of these ecosystems, may be further 
threatened (Acácio et al. 2010).
From the huge diversity of microbes, beneficial soil 
microorganisms are widely known by improving plant 
health and stimulate plant growth. Ectomycorrhizal fungi 
(ECMF) play an essential role for plant drought stress resist-
ance, being strongly associated with forest tree sustainabil-
ity, namely within temperate Fagaceae forests (Reis et al. 
2017). Although fungal communities are more related with 
water transfer and increasing water availability to plants 
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(Bonfante and Genre 2010), bacterial communities have 
been reported to change with precipitation levels (Felsmann 
et  al. 2015), drought (Bastida et  al. 2019) and season 
(López-Mondéjar et  al. 2015). In the specific group of 
symbiotic bacteria, plant growth-promoting rhizobacteria 
(PGPR) can play an important role on drought tolerance 
(Reis et al. 2018). PGPR colonises rhizosphere and can 
be free living or develop close associations to plant roots 
(Backer et al. 2018). Within PGPR group, mycorrhizae 
helper bacteria (MHB) specifically interact with mycorrhi-
zal fungi, stimulating mycelium extension, increasing the 
colonisation and contact of host roots, as well as reducing 
environmental changes for attaining optimal conditions for 
mycelium growth (Frey-Klett et al. 2007). One of the most 
studied ecological advantages of MHB is the improvement 
of drought tolerance they provide to host plants (Forchetti 
et al. 2007). Therefore, plants are not only colonised by 
fungi but also by symbiotic bacteria, such as mycorrhiza 
helpers that confer beneficial effects to their hosts (Compant 
et al. 2010). Such interactions are highly specific, and MHB 
could select the most appropriated ECMF for plant sym-
biosis (reviewed by Frey-Klett et al. 2007). Distinct ECM 
fungal isolates respond differentially to the same MHB, even 
when using different strains of the same ECMF species. The 
discovery of new specific microbial partners that together 
enhance the establishment and maintenance of mycorrhi-
zae has been based on functional studies performed with 
moderately easily cultivable ECMF and a reduced selection 
of cultivable bacteria (Labbé et al, 2014). The use of data 
obtained through non-cultivable approaches, such as high 
throughput sequencing or ECM root tips barcoding, could 
give new hints about specific interactions. The ectomycor-
rhizal and bacterial communities from the rhizosphere of 
cork oaks inhabiting distinct climates was recently evaluated 
by Reis et al. (2018, 2019). Both communities presented 
differences regarding a water gradient, but their interaction 
was not addressed. In an attempt to suggest new partners of 
ECMF and soil bacteria, we have correlated the abundance 
of both communities in cork oak forests displaying different 
water availabilities, in order to select those partners that are 
simultaneously affected by drought. In addition, we inves-
tigated the relation between ECMF and MHB communities 
identified in cork oak stands under a drought gradient.
Material and methods
Forests and sample collection
Cork oak forests from seven geographic locations in Portugal 
were sampled based on water availability and local weather 
(Portuguese Sea and Atmosphere Institute). Their Mediter-
ranean climate was determined through determination of 
Emberger indexes (Q) that considers the annual precipita-
tion (Pannual), as well as the maximal (Tmax) and mini-
mal (Tmin) temperatures of the hottest and coldest months, 
respectively, during the sampling year (Q = 100 Pannual/
(Tmax2 –  Tmin2); Tate and Gustard 2000). Based on annual 
precipitation means, Peneda-Gerês (PG, 1448.4 mm) and 
Herdade da Contenda (HC, 558 mm) comprised the extreme 
conditions. Two independent forests were sampled in each of 
these locations (PG-ER and PG-RC; HC-CT and HC-MA). 
Other three locations displaying intermediate precipitation 
levels were also sampled [Limãos (LI, 772.8 mm), Alcobaça 
(AL, 735.6 mm), and Grândola (GR, 651.6 mm)]. The sam-
pled forests were separated into four distinct Mediterranean 
climates: humid (PG, Q = 186.6), sub-humid (LI, Q = 88.9; 
AL, Q = 102.7), semi-arid (GR, Q = 77.5) and arid (HC, 
Q = 43.5). The same soil samples were used for assessing 
ectomycorrhizal communities (through root tips barcoding, 
Reis et al. 2018) and bacterial communities (through meta-
barcoding, Reis et al. 2019). In each forest, five independent 
healthy trees (plots) were selected, separated at least 30 m 
from each other. From each plot, three soil cores (8 cm of 
diameter and 12 cm in depth) were collected under the mid-
dle of the cork oak canopy, in three tree trunk directions. 
In total, 105 soil cores (7 forests × 5 trees × 3 cores) were 
collected.
Statistical and ecological data analysis
Fungal sequences identified through ITS barcoding of 
ECM tips were analysed (Reis et al. 2018) and those ECMF 
OTUs able of interacting with MHB (ECMF ~ MHB) were 
selected, based on their description in the literature (Frey-
Klett et al. 2007; Kataoka et al. 2009; Rigamonte et al. 2010; 
Kurth et al. 2013; Egamberdieva et al. 2017). Bacterial 
OTUs identified by using 16S metabarcoding approaches 
(Reis et al. 2019) were screened for MHB OTUs, based on 
the information in the literature (Ząbkiewicz et al. 2014). 
Selected ECMF~MHB and MHB OTUs were used for fur-
ther analyses.
A correlation between community structure and geo-
graphic distances was determined using the Mantle test 
of the Microsoft Excel add-in program XLSTAT version 
2017 (Addinsoft, New York, USA). Pearson’s correlations 
between climatic conditions and fungal structure were per-
formed with Excel tools. One-way ANOVA followed by 
Tukey’s multiple comparison test was performed using the 
analysis tools of GraphPad Prism 7 (La Jolla California, 
USA). At first, a correlation-based network was generated 
from all ECMF and soil bacterial communities, using the 
raw counts for each OTU and the methods described in 
Ju et al. (2014). Shortly, the raw counts for each sample 
were filtered to remove any OTUs with less than 12 sample 
occurrences. The co-occurrence network was calculated by 
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applying pairwise Spearman’s rank correlations between all 
filtered OTUs, using a cut-off of 0.6 for Spearman’s correlation 
coefficient and the p value of 0.01. The above analysis 
was performed using R (Ihaka and Gentleman 1996) and 
Cytoscape (Shannon et al. 2003) for network visualisation. A 
second more focused correlation-based network was gener-
ated using ECMF~MHB and MHB OTUs.
Results and discussion
ECM root tips sampled on cork oak forests resulted in 32 
ECM fungal genera and 136 species. From these, only 11 
genera (52 species) have been described as capable of being 
influenced by MHB, namely Amanita, Boletus, Cantharellus, 
Cenococcum, Hebeloma, Laccaria, Lactarius, Piloderma, 
Pisolithus, Russula and Tuber (Supplementary Table S1; 
Frey-Klett et  al. 2007; Kataoka et  al. 2009; Rigamonte 
et al. 2010; Kurth et al. 2013; Egamberdieva et al. 2017). 
Although Frey-Klett et al. (2007) referred to Basidiomy-
cetes as the only ECMF capable of interacting with MHB 
(ECMF~MHB), more recent studies revealed that Asco-
mycetes, such as Cenococcum geophilum, are also able to 
cooperate with Bacillus subtilis (Kataoka et al. 2009). The 
identified ECMF~MHB only represents 38.10% of iden-
tified ECMF species, but their abundance in overall cork 
oak rhizosphere reaches 54.89% of total ECMF abundance 
(Table 1). Moreover, the relative abundance of ECMF~MHB 
is significantly affected by geographic location (p < 0.05, 
ANOVA). Three out of 11 genera of ECMF~MHB exhibit 
different relative abundances among cork oak forests, 
namely Cenococcum, Russula and Tuber (p < 0.05, ANOVA; 
Supplementary Table S1).
Cork oak bacterial community survey was performed by 
metabarcoding approach using an Illumina platform (Reis 
et al. 2019), being found a large abundance of symbiotic 
bacteria (2.79% of all identified reads; Table 1). From the 
5329 identified bacterial OTUs with at least 5 reads in all the 
Table 1  Relative abundance (RA) and Pearson’s correlations between 
ECMF~MHB/MHB relative abundance and climate parameters [aver-
age precipitation and temperatures from the past 30  years (1986–
2016; aver), from the wettest/hottest month (max) and from the driest/
coldest month (min) of the sampling year], as well as with indexes 
of Emberger (Q). TOTAL comprises pooled ECMF~MHB or MHB 
identified reads
Statistically significant correlations are highlighted in bold
Statistical significance at
*p<0.05;**p<0.01;***p<0.001
Microbial taxa RA(%) Precipitation Temperature Q
Aver Max Min Aver Max Min
ECMF~MHB
Amanita 0.65 0.57 0.67 0.08 −0.20 −0.58 0.38 0.50
Boletus 1.71 3.53 3.45 3.49 −3.61 −2.69 −0.18 3.37
Cantharellus 3.56 7.21* 7.26* 5.49* −6.49 −3.58 0.01 6.41*
Cenococcum 10.24 0.83 1.04 0.01 −0.25 0.00 2.79 0.41
Hebeloma 0.73 2.50 2.52 1.96 −2.28 −1.32 0.00 2.25
Laccaria 0.67 −0.16 −0.14 −0.23 0.13 0.80 0.18 −0.38
Lactarius 6.82 0.80 0.71 0.32 −0.27 −0.20 1.23 2.45
Piloderma 0.14 −0.39 −0.45 −0.53 0.77 0.30 0.63 0.00
Pisolithus 0.03 −0.78 −0.73 −0.83 0.67 1.63 0.17 −1.18
Russula 28.67 −8.76** −8.77** −3.71 4.52* 4.02 −2.61 −13.93***
Tuber 1.68 −0.51 −0.36 −1.70 1.17 0.15 0.96 −0.74
TOTAL 54.89 −0.40 −0.23 −1.41 0.60 1.17 0.99 −1.78
MHB
Arthrobacter 0.13 2.28 2.55 1.05 −1.75 −1.10 0.17 1.24
Bacillus 0.83 −17.42*** −9.71** −12.26** 10.10** 12.80** 0.78 −17.42***
Bradyrhizobium 0.04 −0.02 −0.03 0.00 0.00 0.24 0.00 −0.06
Burkholderia 0.93 1.21 0.87 3.81 −1.93 −5.98* −5.02* 0.00
Pseudomonas 0.44 −0.45 −0.71 0.10 0.08 −0.41 −4.55* 0.00
Rhizobium 0.15 −9.86** −11.47** −3.00 6.90* 0.41 −4.37* −4.18*
Streptomyces 0.66 −16.03*** −15.68*** −12.88** 15.38*** 4.24* −0.05 −14.47***
TOTAL 2.79 −7.41* −7.58** −4.25* 5.71* 1.76 −0.87 −6.85*
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analysed soil samples, 19 have been described as acting as 
MHB. The identified OTUs belong to the genera Arthrobac-
ter, Bacillus, Bradyrhizobium, Burkholderia, Pseudomonas, 
Rhizobium and Streptomyces (Supplementary Table S1). 
Only five OTUs were identified up to species level, namely 
Bacillus cereus, Burkholderia xenovorans, Burkholderia 
humi, Rhizobium tubonense and Streptomyces neopeptinius. 
Within MHB, functional groups can be distinguished based 
on the bacterial ability to interact with ECMF, arbuscular 
mycorrhizal (AR) fungi, or both (Frey-Klett et al. 2007). 
Arthrobacter is the only identified genus capable of only 
interacting with ECMF species, whereas Bradyrhizobium 
and Rhizobium have been described to be only associated 
to AR fungi (Glomus sp.; Frey-Klett et al. 2007; Rigamonte 
et al. 2010; Egamberdieva et al. 2017). Burkholderia exhibits 
a mixed interaction pattern, being associated with AR but 
also with ECMF (Poole et al. 2001). Altogether, the bacterial 
genera that can interact with ECMF is 1.9-fold more abun-
dant than AR-specific genera, agreeing with the fact that 
they were found in forest ecosystems. Regarding their rela-
tive abundance, nine out of 19 bacterial MHB OTUs reveal 
significant differences among cork oak forests (p < 0.05, 
ANOVA; Supplementary Table S1). All these species belong 
to the three (out of seven) evaluated MHB genera that also 
present differences among cork oak forests, namely Bacil-
lus, Burkholderia and Streptomyces (p < 0.05, ANOVA). 
Bacillus and Streptomyces genera, but also Pseudomonas, 
are the most studied MHB and are known to promote plant 
growth through the production of phytohormones (indole 
acetic acid-IAA; Egamberdieva et al. 2017) and siderophores 
(Pii et al. 2015).
Cork oak ectomycorrhizal community has been correlated 
with several climatic parameters, such as precipitation and 
temperature, as well as land use practices (Azul et al. 2010; 
Reis et al. 2018). In this work, we found that MHB commu-
nity is more affected by climate variables than ECMF~MHB 
community (Table 1). In general, precipitation and tem-
perature affect each ECMF~MHB/MHB genus abundance 
in opposite ways. Within the eleven ECMF~MHB genera, 
Cantharellus and Russula are the most affected by climatic 
parameters, where precipitation is clearly more important 
for their distribution than temperature. While Cantharellus 
presents a higher relative abundance in moist forests when 
compared with arid/semi-arid stands (p < 0.05, ANOVA; 
Supplementary Table 1), Russula distribution is negatively 
affected by Q parameter (p < 0.001, ANOVA; Supplemen-
tary Table 1), differing from the few descriptions of Russula 
spp. intolerance to drought stress (Smith and Read, 2008). 
Most MHB genera are also negatively correlated with pre-
cipitation and Q (Table 1). Bacillus, Rhizobium and Strepto-
myces are widely distributed in arid/semi-arid forests com-
paring with moist forest (p < 0.05, ANOVA; Supplementary 
Table 1).
Semi-arid and arid cork oak stands (GR, HC-MA, 
HC-CT) present the highest relative abundance of total 
ECMF~MHB genera (92.66% and 68.59% of total identified 
root tips, respectively), and twofold more MHB abundance 
compared with moist forests (PG-ER, PG-RC; Supplemen-
tary Table 1). However, regarding specific ECMF~MHB 
distribution among Mediterranean climates, the higher abun-
dance of Bacillus (33-fold semi-arid vs. moist and 40-fold 
arid vs. moist) and Streptomyces (sixfold semi-arid vs. moist 
and threefold arid vs. moist) in drought-stressed forests 
could be related with an enhanced cork oak ectomycorrhi-
zation in such environmental conditions. However, a com-
mon behaviour for each ECMF~MHB with MHB species is 
not described in the literature. Different Bacillus spp. were 
found to have opposite ecological behaviours as described by 
Marulanda et al. (2006, 2009). Furthermore, although Bacil-
lus spp. were able to act as MHB in citric orchards (Freitas 
and Vildoso, 2004), there was not a synergistic effect with 
Pisolithus species for enhancing mycorrhizal colonisation in 
Pinus pinea host (Probanza et al. 2001). Also, Streptomyces 
sp. promotes mycelial growth of Amanita muscaria and Suil-
lus bovinus, while inhibiting the Hebeloma cylindrosporum 
growth, due to the production of an antibiotic to which A. 
muscaria is tolerant but H. cylindrosporum is not (Keller 
et al. 2006). Therefore, while waiting for further experimen-
tal support, the hypothesis of Bacillus or Streptomyces role 
on cork oak ectomycorrhization in drought environments 
remains speculative.
The finding of new MHB partners that could promote the 
establishment and maintenance of mycorrhizae has been lim-
ited by the need of cultures of both ECMF and MHB for func-
tional studies. Although recognising the limitations of this in 
silico analysis, the simultaneous availability of sequencing 
data from soil bacteria and ECM, in soil samples from differ-
ent forests, is an excellent opportunity to search for putative 
interactions among both partners and relate them with water 
availability. Indeed, using the full dataset (5,329 bacteria 
vs 136 ECMF), two significant positive interactions were 
detected regarding two fungi and three bacteria OTUs: Can-
tharellus tubaeformis (ECM) vs Planctomycetes uncultured 
bacterium (cluster 1) and Cenococcum geophilum vs two 
uncultured Proteobacteria (cluster 2, Figure S1). However, 
we believe that their biological relevance for soil water avail-
ability is limited, at least for C. geophilum interaction, as C. 
geophilum is a ubiquitous ECM fungus found in all climatic 
regions (Reis et al 2018). The use of a more specific sub-
dataset, in which data was curated for their ECM biological 
significance (19 MHB vs 52 ECMF ~ MHB), allows a more 
focused analysis for their relation in different climates. With 
this analysis, the correlation of ECMF ~ MHB and MHB in 
cork oak stands is only significant for Lactarius and Russula 
genera (p < 0.01, ANOVA; Fig. 1). Bacillaceae and Burk-
holderaceae correlate directly with Russulaceae (Lactarius 
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and Russula), whereas Streptomycetaceae and Rhizobiaceae 
indirectly play an important role on these microbial consor-
tia (p < 0.01, ANOVA). Lactarius is positively influenced 
by the presence of two Bacillaceae OTUs, whereas Russula 
is positively affected by Burkholderaceae OTUs (p < 0.01, 
ANOVA). Accordingly, Bacillus has been described to 
increase the ectomycorrhizal colonisation of Laccaria and 
Suillus spp., in Pseudostuga menziesii, Eucalyptus diver-
sicolor and Pinus sylvestris (reviewed by Frey-Klett et al. 
2007). In addition, an essential role of Bacillus during ecto-
mycorrhizal colonisation (1.8- to 3.9-fold) of Eucalyptus 
diversicolor was described (Dunstan et al. 1998). Interest-
ingly, we found a negative interaction of the cluster formed 
by Lactarius/Bacillaceae with Russula/Burkholderaceae 
cluster, which indicates an ecological competition between 
them (p < 0.01, ANOVA). Contrasting with this, Burkholde-
ria has been described to increase 1.9- to 2.4-fold the ecto-
mycorrhizal formation in the Pinus sylvestris-Lactarius 
rufus system (Poole et al. 2001). Regarding their specific 
abundance, we found that Russula and Bacillaceae are nega-
tively influenced by precipitation and climatic Q parameter 
(p < 0.001, ANOVA). The apparent independent behaviour 
of Burkholderaceae to climate may suggest a significant 
role of Russula/Burkholderaceae consortia on promoting 
ectomycorrhization in arid cork oak forests, which will be 
further enhanced by the inhibition of Lactarius/Bacillaceae 
cluster. Indeed, although Bacillaceae abundance is enhanced 
in arid/semi-arid environments, Lactarius is more abundant 
in moist forests (p < 0.05, ANOVA; Supplementary Table 
S1). Although the effect of Burkholderia on cork oak ecto-
mycorrhization still needs experimental support, the ben-
eficial effect of this MHB in plants under stress has been 
reported (Naveed et al. 2014). As far as we know, there are 
no studies on cork oak regarding ECMF~MHB interactions, 
and further experimental support is needed to validate such 
hypothesis. Functional studies using the suggested microbial 
partners will definitely elucidate their role on forest sustain-
ability, but their in vitro culture has been a strong limitation. 
Most of selected MHB are described as uncultivable, and 
most ECMF are difficult to be maintained in vitro (e.g. C. 
tubaeformis and Russula sp.). As MHB have been reported 
to stimulate fungal growth (Labbé et al 2014), the finding 
of new interaction partners could contribute for establishing 
strategies for stimulating ECMF fungal in vitro growth and 
enhance ECM establishment.
Conclusions
Cork oak forest sustainability is promoted by diverse inter-
actions occurring between plant host, microbial community 
























Fig. 1  Co-occurring network of positive and negative co-occurrence 
between MHB (circle) and ECMF~MHB (square) from cork oak for-
ests. Network calculated by Spearman’s correlation analysis (ρ > 0.6) 
and significant (p < 0.01) correlation. Node colour is mapped to 
phylum; the node size is mapped to the node degree. Edge colour is 
mapped to the type of correlation, positive (black line) and negative 




are enforcing the scientific community to take a closer look 
on the different partners of forest ecosystems. The ability 
to establish ectomycorrhizae is a natural strategy for for-
est trees to cope with environmental variation and adapta-
tion. In this work, the information obtained from ECMF 
and bacterial communities residing on cork oak forest soils 
was combined, and potential microbial partners of ECMF-
MHB were singled out. Climatic conditions directly affect 
these symbiotic communities. Although cork oak ECMF 
community has been reported to be positively affected by 
precipitation levels, only Cantharellus and Russula (among 
all ECMF~MHB) are affected by precipitation. In contrast, 
MHB community is strongly affected by different climate 
variables, namely Bacillus, Rhizobium and Streptomyces. 
Integrating both data, negative correlations were estab-
lished, and the interaction among Lactarius/Bacillaceae 
and Russula/Burkholderaceae singled out. We speculate 
that Russula/Burkholderaceae might have an important 
role for cork oak forest sustainability in arid environments, 
which will be intensified by the lower drought adaptation of 
competitive Lactarius/Bacillaceae. Few works have been 
conducted in order to better understand interactions between 
microbial communities within forests soils. The understand-
ing of adaptive potential of cork oak forests, including the 
role played by microbial consortia for promoting their 
sustainability, is of utmost importance. Therefore, future 
research is needed in this field to help in predicting the adap-
tive potential and preventing drought stress consequences 
of forests, particularly in Mediterranean ecosystems. We 
hope that this work will help to create new research lines for 
improving forest sustainability by using ECMF and MHB.
Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00572- 021- 01027-4.
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